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FOREWORD 


The enclosed work by Mechanical Technology Incorporated is submitted as a fina) 
report to the Office of Naval Research under Contract NO0014-76-C-0553. ‘Those 
contributing to the program included T. Ivsan, P. Lewis, and A. 0. White; 


supporting consultant was S. T. Robinson. The technical program officer rep- 


resenting ONR was LCDR William R. Seng. 


SUMMARY 


This report presents the results of the first phase of a research program on 
components for a closed cycle, helium gas turbine powerplant. The two funda- 
mental objectives of the study were to do basic research on an axial compressor 
in a helium gas environment and to do research on helium gas film bearings for 


a closed cycle gas turbine. The objectives of the first phase effort included: 


e To design and fabricate a closed loop for testing an axial compressor 


stage in a helium or air environment. 


e To design a high reaction, highly loaded axial compressor stage. 


e To examine the application of gas lubricated bearings for a gas 


turbine, using helium as the lubrication medium. 


The first phase effort, conducted from May 1976 to August 1977, has addressed 
the above objectives; however, the scope of the program has been qualified to 
complement the closed cycle powerplant studies conducted by Westinghouse AESD 
for the Office of Naval Research. Based on early discussions with ONR and 
Westinghouse AESD, conditions for a representative powerplant were defined to 
give guidance to the compressor and bearing studies. The axial compressor 
design, the test programs for both compressor and bearing to be conducted, and 
the analytical and/or experimental information generated in the research pro- 
gram all reflect the consideration of the end objective: a closed cycle helium 


gas turbine for naval powerplant application. 


The results otf the first phase included all the necessary support work to con- 
duct detail compressor and bearing tests during the following year. A closed 
test loop was designed for an axial compressor to evaluate a high reaction 
stage in an air and helium environment. The test loop was partially fabricated 
and tests were conducted to establish a performance datum for the detail com- 
pressor stage evaluation. The compressor stage components, both inlet guide 
vanes and an axial-flow rotor, were designed based on an isentropic-simple- 
radial-equilibrium solution. An aerodynamic design/test analysis procedure 

was also defined to test evaluate the compressor components, determine the loss 
characteristics in air and helium gas, and then develop a loss model for subse- 


quent designs. Test parameters for gas film bearings for a closed cycle gas 


turbine powerplant were partially defined based on a proposed powerplant as 


reviewed by ONR, Westinghouse AESD, and MTI. 


INTRODUCTION 


The first phase of the research program on components for closed cycle gas 
turbine propulsion machinery was conducted from May 1976 to August 1977. 
The work completed during this year's effort was supportive of the two 


fundamental objectives of the program: 


1. To conduct a test program to accurately determine the actual 
aerodynamic performance of an axial compressor stage in a helium 


gas environment. 


2. To conduct an analytical and test program on gas-film bearings 


to evaluate their application in a closed cycle gas turbine. 


These two major tasks were defined further by considering their specific 
application. The closed cycle gas turbine selected as a first candidate 
configuration was nominally fixed at 70,000 shaft horsepower output, using 
helium as a power fluid. The turbomachinery arrangement for this unit con- 
sisted of a gas generator and free turbine spool, shown in a simplified form 


in Figure l. 


The low and high pressure compressors operate at 18,000 rpm and will require 
from 14 to 18 axial stage each to meet the cycle pressure ratio conditions. 
Since the number of compressor stages and the respective stage matching directly 
affects the performance of the overall powerplant, the compressor aerodynamics 
task, while determining general performance of an axial stage in helium, also 
addresses the practical design problem of establishing an accurate basis for 
stage matching in a multi-stage axial compressor. Similarly, the gas bearing 


task is defined to reflect load conditions for the candidate powerplant. 


Compressor Aerodynamics 


Actual experimental work with compressors, turbines, and cascades has been 

fairly extensive, especially in an air environment. The analytical and ex- 
perimental work conducted on subsonic, axial flow compressors has been thoroughly 
investigated and documentation, such as provided in Reference 1, is as complete 


as would resonably be expected. However, while helium's basic properties are 


well known, detail experimental data is very limited. 
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Helium poses some special design problems, especially in the compressor, because 
of its low molecular weight. The low molecular weight of helium produces a high 
stagnation speed of sound, a characteristic which has a positive effect on the 
compressor aerodynamic design. Since the Mach number effects are reduced com- 
pared to an air compressor design, conventional low speed blade profiles can be 
selected for the compressor. The specific heat of the helium gas, however, has 

a contrasting effect. For a comparable work input into a single stage compressor, 
a lower pressure rise will be produced in helium gas as compared to air and, typ 
ically, many stages of compression are required in a powerplant. In the powerplant 
configuration shown in Figure 1, thirty-two axial compressor stages are required 


to meet the cycle conditions. 


The primary concern then becomes one of stage matching, i.e., to establish the 
compressor blading such that all the stages are oriented in a fashion to maximize 
the efficiency of the entire compressor. The method used to attain this goal 


is to design the multi-stage compressor using contemporary computer tools supple- 


mented by known compressor blade loss characteristics for helium gas. 


The function of the compressor test rig developed in the first phase is to 


address the general question of helium gas properties as related to axial 


flow compressors; however, the practical objective is to develop an accurate 
loss model to design axial flow compressors and to indicate the attainable 


stage pressure ratio for a helium compressor. 


Test Loop Conditions 


The test loop was sized to evaluate an axial compressor stage representative 


of a stage for a moderate output closed-cycle helium propulsion unit. Typically, 
a 0.8 to 0.6 hub-tip ratio compressor rotor, 12 inches in diameter, operating 

at tip speeds of 1,200 feet per second, was considered as a representative size. 
The operating mass flows and pressure levels of the stage were selected such 

that a full range of Reynolds’ number could be examined on the test compressor. 
Calculated gas properties and select compressor parameters are provided in 

Tables 1, 2, and 3 for an air and helium gas environment. The calculations were 
done for both an axial discharge stage which is representative of a high-reaction 
design and for a stage where the flow enters the rotor axially. The axial dis- 


charge stage (Table 1) is the candidate test stage and wil! operate at 22,900 rpm 


speed producing a 1.063:1 pressure ratio in helium gas at a blade chord Reynolds' 


number of 500000. 
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TABLE 2 


NOMENCLATURE 


DESCRIPTION 


Flow area at rotor inlet 


Absolute flow angle at rotor inlet 


Absolute gas angle at rotor exit 


Acoustic velocity 


Relative flow angle at rotor inlet 


Nozzle flow coefficient 

Axial velocity at rotor inlet 
Rotor blade chord 

Gas specific heat 

Nozzle critical pressure ratio 
(T2-Tl) Rotor temperature rise 
Rotor inlet swirl 

Diffusion factor 

Tip diameter at rotor inlet 
Venturi or flow nozzle diameter 
Rotor isentropic efficiency 

i = air, 2 = helium 

(g*o) - Inlet density 

Heat load produced by rotor 
Inlet pressure 

Exit pressure 

Nozzle critical pressure 

Flow coefficient = CX1/U1 
Stage pressure ratio 

Pressure coefficient 

Static pressure at rotor exit 
Gas constant 

Rotor reaction 

Total inlet density 


Rotor exit total density 


Static inlet density 


=, 


UNITS 


in. 
degrees 
degrees 
ft/sec 
degrees 
ft/sec 
inches 
BTU/LB °R 
°R 
ft/sec 
inches 
inches 


eften ean” 
BTU/HR 
PSTA 


PSIA 

ft lb/lb °R 
1b/ft? 
as 
1b/ft? 


PARAMETER 


TABLE 2 (contd.) 


NOMENCLATURE 


DESCRIPTION UNITS 


Hub-tip radius ratio oe 
Inlet total temperature °R 
Rotor exit temperature °R 
Torque produced in.-lbs 
Rotor tip speed ft/sec 
Mass flow lbs/sec 
Relative velocity at rotor inlet ft/sec 
Work coefficient = 
Flow nozzle velocity of approach factor 

Flow nozzle thermal expansion factor 

Head input to rotor 

Stage horsepower 

Nozzle differential pressure 

Nozzle differential pressure in. water 
Ratio of specific heats 

Relative rotor inlet Mach number 

Absolute rotor inlet Mach number 

Rotational speed 


Blade chord Reynolds number 
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Test Loop Design 

A drawing of the test loop piping, compressor test section, and motor drive 

is shown in Figure 2. The drive system consists of a 300 HP alternating- 
current, electric motor coupled to an eddy-current magnetic clutch which 
provides a variable speed output to the gearbox. A rotary transtormer torque- 
meter is coupled between the gearbox and test section, and it will be used to 


measure total compressor power during testing. 


The test loop is constructed of standard seamless steel pipe. Starting at the 
removable 36-inch pipe section (see Figure 2), the gas flow is accelerated 
uniformly in the iniet transition to enter the compressor test section. Passing 
through the test stage, the flow is discharged into a 10-inch pipe elbow and 


directed through an expansion joint into a flow straightener. 


The gas flow continues down a 10 diameter pipe section to enter the flow mea- 
suring nozzle. Downstream the gas flow passes through a controlling throttle 
valve and then is discharged into an expansion section adjoining a 36-inch 

diameter endbell. The gas flow passes through tubing in a heat exchanger and 


is directed to a settling chamber to begin the circuit again. 


Peripheral items to the loop include a vacuum pump to evacuate the loop and a 
gas control to supply and maintain the air or helium inventory in the test loop. 
A rupture disc is also provided as a safety feature in case of excessive pressure 


levels in the loop. 


Compressor Aerodynamic Design 


Based on gas flow conditions established for the test loop, an axial compressor 
flowpath was developed for a 2/3 hub-tip ratio stage. As shown in Figure 3, the 
stage consists of 18 inlet guide vanes which introduce swirl] into a 19 blade 
axial rotor. Another perspective of the guide vanes and rotor blading is shown 
in Figure 4, a top view which shows that the vanes introduce swirl against the 


direction ofthe rotor rotation to increase work output of the stage. 


The high-reaction axial compressor Stage was selected as the first test conf ipura- 


tion so that the higher stage work capability could be evaluated along with the 


general aerodynamic characteristics. Axial flow compressors with high reaction 
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normally have demonstrated lower efficiency levels than a 50 percent reaction 
stage; however, the attainable performance has largely been affected by the 
Mach number limitations (see Reference 2). When considering the designs con- 
figuration for a compressor, the introduction of swirl into the rotor to 
increase reaction directly affects the level of the relative inlet Mach number. 
The increase in swirl from +10° to -30° in absolute air angle increases the 


rotor inlet relative Mach number for 1.29 to 2.00 in air (see Figure 5). 


The Mach number level can be considered into the compressor design; however, 
the flow range and efficiency are normally reduced at these levels. On Figure 
5, the Mach number level for helium is considerable lower since the acoustic 
velocity is approximately three times larger than that for air. The change is 
substantial enough so that the significance of the Mach number problem in the 


compressor design is drastically reduced. 


The ability to design higher reaction axial compressors for helium gas applica- 
tion also allows consideration of higher work per stage. A simple comparison 

of rotor inlet swirl for a given gas deflection shows higher stage reaction 

with increased swirl] into the rotor (see Figure 6). By assuming a maximum rotor 
diffusion factor limit of 0.60 as defined by Leiblein's calculation (Reference 

1), the stage loading coefficient is shown to increase with increased reaction 
(see Figure 7), hence, the allowable stage pressure ratio increases with reaction. 
The test compressor presented below was designed in accordance with the Mach 


number and stage loading characteristics mentioned. Pe 


The design velocity triangles for the inlet guide vanes and rotor are oriented 
per the convention shown in Figure 8. Flow calculations for the stage were 
conducted with the use of a computer program based on a constant axial velocity 
and free-vortex whirl distribution into the rotor. Isentropic-simple-radial- 
equilibrium (TSRE) was assumed for the rotor flow solution, providing a constant 
rotor efficiency along the blade radial span. <A tabulation of the flow proper- 
ties tor the ISRE solution is provided in Table 4. Gas angles, velocities, 
pressures, temperatures, and other parameter nomenclature are listed in Table 


» for the flow calculation, 
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“ig. 5 Compressor Rotor Relative Inlet Mach 


Vumber as a “unction of Inlet Swirl 


Angle for Air and Helium 


Reaction 


-]6- 


= Absolute Inlet 


Gas Angle 


Stage 
os) 


R 


DF LIMIT = 0.60 


ee er | ee ee earl ee el (ee Co 


- Gas Deflection Across Rotor - Degrees 


“ig. 6 Effect ot Inlet Swirl on Stage Reaction and Diffusion Factor 
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Fig. / Effect of Inlet Swirl on Stage Loading and Exit Gas Angle 
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V - axial velocity 
x : é 
, A Vxo Station O 
V - absolute velocity bs 
a (Stage Inlet) 
Wo- relative velocity 
nN 


C = absolute velocity 


u F 
(tangential component) 
W - relative velocity 
u ° 
(tangential component) 
L - absolute gas angle 
B = relative gas angle 
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TABLE 5 


VELOCITY TRIANGLE PROGRAM NOMENCLATURE 


DESCRIPTION 
Annulus area 
Acoustic velocity 
Blade chord 
Specific heat 
Absolute tangential velocity 
Inlet swirl at rotor tip 
Axiai velocity 
Blade stagger angle 
Total pressure 
Inlet flow coefficient 
Static pressure 
Pressure coefficient 
Radius 
Hub radius 
Total density 
Density ratio = RHO/RHOS 
Static density 
Gas constant 
Tip radius 
Blade hub solidity 
Blade tip solidity 


Streamline Location 
LS hub 7 = tip 


Total temperature 

Blade camber angle 

Static temperature 

Blade speed 

Mass flow 

Relative velocity 

Relative tangential velocity 


Ratio of specific heats 


ft/sec 
inches 
BTU/Lb/°R 
ft/sec 
ft/sec 
ft/sec 
degrees 


PSIA 
PSIA 


inches 
inches 

3 
Lb/f£t 

3 
lb/ft 

ft lb/lb°R 

inches 


degrees 


R 


ft/sec 
lbs/sec 
ft/sec 
ft/sec 


TABLE 5 (cont'd.) 


VELOCITY TRIANGLE PROGRAM NOMENCLATURE 
nS ENSURE 


PARAMETER DESCRIPTION UNITS 
XM Axiel Mach number ; - 
XMA Absolute Mach number = ' 
XMR Relative Mach number - 
XN Rotation speed RPM 
ZN Number of blades or vanes - 
SUBSCRIPTS 
0) = Inlet to guide vane 
iE = Guide vane exit or rotor inlet 


2 = Rotor exit 


The ISRE solution was selected since the loss profiles for the stage in a helium 
gas environment are unknown. As described later, it is intended that the test 
establish the inlet guide vane and rotor loss profiles and that a non-isentropic 


CNISRE) solution can be accurately calculated from an undated loss model. 


The inlet guide vane and rotor blade profiles were defined in accordance with 
the correlations from NASA-SP-36, per the experimental data generated from 
two-dimensional cascade data (Reference 1). The inlet guide vanes are NACA 
65 series profiles with a nominal 10 percent thickness distribution on a 
circular-are meanline. Allowances were made for optimum incidence, and devia- 
tion was calculated by the modified Carter's rule method. The calculated 
profile data for the inlet guide vanes is provided in Table 6 for several 


streamlines. 


NACA 65 series profiles were also selected for the rotor blade sections with 
a 10 percent to 6 percent thickness taper from the hub to tip of the blade. 
The thickness distribution was calculated along a cireular-arc meanline, similar 
to the guide vane sections. The incidence and deviation calculations were also 
based on the Reference | data and are listed along with the blade coordinate 


data in Table 7. 


A projection of the inlet guide vanes and rotor blades was provided in Figure 
4. The top view projection is 2.5 times scale with the blade sections radially 
stacked on the center of gravity. As shown in the flowpath cross-section 
(Figure 3), the rotor is integrally bladed, and the inlet guide vanes are 


adjustable. 


Mechanical Design 


The compressor test section is shown in Figure 9 as a split-section layout for 
a 2/3 hub-tip ratio and 8/10 hub-tip ratio design. The rotating section is 
composed of the compressor rotor, shaft, and coupling and is supported to 

the outer case on rotling-element bearings. A carbon face seal is located be- 


hind the compressor rotor to seal the test section. 


The entire rotating section was analyzed on MTI's computer programs to determine 
the critical speed and rotor response characteristics to assure a stable opera- 


tion in the range to be tested. The critical speed map shown in Figure 10 
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Fig. 9 ONR Compressor Test Section 
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displays two operating ranges for the test compressor. The air tests are 
conducted at a lower rotational speed to simulate a Reynold's number level] 
based rotor blade chord measurement. At 12,000 speed, the rotating section 
is mounted on a relatively stiff support so that the testing is conducted 
below the first critical; a flexible bearing support is used on the helium 
gas tests to shift the operating characteristic between the second and 


third eritical level. 


Test Instrumentation 


The instrumentation layout for the test loop is shown in Figure 1l. The flow 
measurement section 1s equipped with the pressure and temperature probes to 

accurately measure tiie air or helium gas. Other measurements are made >t the 
entry to the compressor; however, the detail aerodynamic characteristics will 
be evaluated based on the instrumentation located in the test section (Figure 


V2 


The test section instrumentation has been defined to evaluate inlet ruide vane, 
rotor, and overal! stage performance. At the stage inlet, the inlet total 
pressure and temperature are measured by four, five-element rakes (see Figure 
12). A survey probe just upstream of the inlet guide vanes will be used 

to determine the radial profile at the compressor inlet. At the guide vane 
exit or rotor inlet (Plane 1), a total pressure and total temperature profile 
will be measured by a traverse probe. A similar probe is used at the Plane 2 
to survey the rotor exit conditions. Approximately one-and-a half-chords 
downstream, mult i-element total pressure and temperature rakes will measure 
Stage exit conditions. Static pressure measurements are made at each station 
to provide a continuity check to the flow solution. The work input to the 
compressor will be caiculated based on measured temperature rise across the 


stage and the measured torque from the strain-gauge torquemeter. 


Te st Data Ana lysis 


The data taken from the compressor test will be analyzed so that the component 
performance can be accurately determined. Inlet guide vane performance will 
be measured in terms cf total pressure loss and gas deflection across the 
vanes for a given loading. Rotor performance is evaluated similarly, with 

the pressure and temperature surveys, and the torquemeter used as a measure- 


ment of work. 
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The test data profiles established for each component will be analyzed on MT! 


Computer Program PN646 to provide a test data comparison to a full radial 
equilibrium flow catculation., Data matching the compressor test performance 
map to the computer generated compressor characteristics (such as shown in 


Figure 13) will provide a measurement to the guide vane and rotor loss models. 


Tests in air and helium will be conducted over a range of blade chord Reynolds! 
number to establish effects on major parameters: flow, pressure ratio, work 
input, and surge margin. Data will be correlated on the 0.2 power relation 


examined in Reference 3, and subsequent treatments in References 4 and 5. 


Test 


A shakedown test was conducted on the motor drive/compressor test section in 
June 1977. The test assembly shown in Figure 14 was evaiuated over the expected 
air test speed range to obtain baseline torquemeter readings for the "no-load" 


or zero datum conditions. 


Although testing was shortened due to the electric motor developing a bearing 
problem, the no-load torque measurement up to 80 percent speed for air testing 
was completed (figure 15). The curve shows that the parasitic losses are 


minimal, and the torquemeter will provide an accurate performance measurement. 
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Fig. 15 ONR Test Compressor Parasitic Loss Test Measurement 
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APPENDIX A 


Table 6. Compressor Rotor Blade Coordinates 


Table 7. Inlet Guide Vane Blade Coordinates 


(Tables 6 and 7 are attached here in their entirety.) 
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